Background: Xenon, the inert anesthetic gas, is neuroprotective in models of brain injury. The authors investigate the neuroprotective mechanisms of the inert gases such as xenon, argon, krypton, neon, and helium in an in vitro model of traumatic brain injury.
T RAUMATIC brain injury (TBI) is a major cause of death and disability throughout the world. In developed countries, TBI is the main cause of death and disability in those who are aged less than 45 yr 1 with falls and motor vehicle crashes being the leading causes. 2 Currently, there are no treatments aimed specifically at preventing neuronal loss after TBI. [3] [4] [5] TBI is characterized by a "primary injury" determined by the initial mechanical force, followed by a "secondary injury" developing hours to days after the initial trauma. Secondary injury is thought to underlie the majority of the short-and long-term neurological and cognitive impairments that follow TBI, 6 -8 hence treatments to prevent or limit secondary injury are of clinical importance. The pathophysiology of secondary injury is complex, involving Harris et al.
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multiple injury cascades, 9, 10 but glutamate excitotoxicity is believed to play a key role. [11] [12] [13] The anesthetic noble gas xenon inhibits the N-methyld-aspartate (NMdA)-subtype of glutamate receptor and has been shown to be neuroprotective in models of brain injury. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] In this article, we test the hypothesis that, in addition to xenon, other noble gases are neuroprotective in an in vitro model of TBI. After the finding that xenon protects against ischemic injury, other noble gases have been investigated as potential neuroprotectants in models of ischemia. [25] [26] [27] Argon has been found to be protective in in vivo and in vitro models of ischemia, [27] [28] [29] [30] however, a recent study reported a protective effect of argon in vitro but no effect in vivo. 31 The situation with the other noble gases is even less clear. Some studies report helium is neuroprotective against ischemia, 19, 32, 33 whereas others find no effect. 34 Another study found that helium, neon, and krypton were actually detrimental in ischemic injury. 35 In traumatic injury, the potential protective effect of the noble gases has been less well studied, but xenon, helium, and argon are reported to be protective in in vitro models of trauma. 19, 28 However, to date, there have been no studies systematically investigating the complete series of noble gases under identical conditions in a model of trauma. Furthermore, there have been few studies that have investigated the effects of inert gases (except xenon) on molecular targets that may be involved in neuroprotection 26 such as NMdA receptors and two-pore domain potassium channels.
We recently showed that the mechanism of xenon protection against ischemic injury is mediated by inhibition at the NMdA receptor glycine site. 34 In this study, we test the hypothesis that xenon's protective effect against TBI is mediated by inhibition at the NMdA receptor glycine-binding site. We also test the hypothesis that xenon and other neuroprotective inert gases act via the same mechanism. We discovered that xenon is an NMdA receptor antagonist and that it acts by competing with the coagonist glycine. [36] [37] [38] This means that xenon inhibits NMdA receptors less at higher glycine concentrations. 37 This property can be used as a pharmacological tool to investigate the mechanism of xenon neuroprotection. If xenon neuroprotection can be reversed by increased glycine concentration, this is consistent with the effect being due to NMdA receptor glycine site inhibition. 34 
Materials and Methods

Hippocampal Organotypic Slices
All experiments were performed in compliance with the United Kingdom Animals (Scientific Procedures) Act of 1986 and the Ethical Review Committee of Imperial College London, London, United Kingdom. All efforts were made to minimize animal suffering and the number of animals used. Unless otherwise stated, chemicals were obtained from Sigma Chemical Company Ltd. (Poole, dorset, United Kingdom). Organotypic hippocampal slice cultures were prepared as previously described 39 with some modifications. In brief, 6-day-old C57BL/6 mouse pups (Harlan Ltd., Bicester, Oxfordshire, United Kingdom) were humanely killed by cervical dislocation, brains were removed and placed in ice-cold "preparation" medium. The preparation medium contained Gey balanced salt solution, 5 mg/ml of d-glucose, and 1% antibiotic-antimycotic suspension. The hippocampi were removed from the brains and 400-µm thick transverse slices were prepared using a Mcllwain tissue chopper (Mickle Laboratory Engineering Co., Guildford, Surrey, United Kingdom). Slices were transferred into ice-cold preparation medium, gently separated under a stereomicroscope, and then placed onto tissue-culture inserts (Millicell-CM; Millipore Corporation, Carrigtwohill, Co., Cork, Ireland) that were inserted into 35-mm Petri dishes. The wells contained "growth" medium, which consisted of 50% Eagle minimal essential media, 25% Hank balanced salt solution, 25% inactivated horse serum, 3 mM of L-glutamine, 5 mg/ml of d-glucose, 1% antibiotic-antimycotic suspension, and 10 mM of HEPES titrated to pH 7.2. Slices were incubated at 37°C in a 95% air-5% CO 2 humidified atmosphere. The growth medium was changed every 3 days. Experiments were carried out after 12 days in culture.
Traumatic Injury and Hyperbaric Gas Chamber
After the hippocampal slices had been in culture for 12 days, the inserts were transferred to six-well tissue-culture plates, and the growth medium was changed to "experimental" medium. The experimental medium was serum-free and consisted of 75% Eagle minimal essential media, 25% Hank balanced salt solution, 3 mM of L-glutamine, 5 mg/ml of d-glucose, 1% antibiotic-antimycotic suspension, 4.5 µM of propidium iodide (PI), and 10 mM of HEPES titrated to pH 7.2. One hour after transfer to experimental media, the slices were imaged to assess slice viability before injury. Typically, slices exhibited very little PI fluorescence, an indicator of tissue health. A small number of slices showed regions of dense staining, indicating compromised viability, presumably due to mechanical damage during the slice preparation stage. These slices were excluded from further analysis. One hour after imaging, slices were subjected to traumatic injury. The trauma was produced with a specially designed apparatus based on published descriptions. 19, 40 Under a stereomicroscope, a stylus was positioned above the CA1 region of the hippocampus using a three-axis micromanipulator. The stylus dropped onto the slice when power to a small electromagnet was switched off. The distal part of the stylus was smooth and rounded to prevent perforation of the slice and the impact produced a focal injury with a diameter of 340 ± 12 µm (N = 50 slices).
After traumatizing the CA1 region, the culture plates were immediately transferred to a small pressure chamber, 34 which contained a high-speed fan for rapid gas mixing, housed in an incubator set at 37°C. The chamber (gas volume 0.925 l) was flushed with humidified control gas (75% nitrogen-20% CRITICAL CARE MEDICINE oxygen-5% CO 2 ) for 5 min at 5 l/min, which would ensure better than 99.99% gas replacement. After flushing, the pressure chamber was sealed and 0.5 atm of noble gas was added, giving a total pressure of 1.5 atm. After a given time in the chamber (30 min to 24 h), the slices were imaged using a fluorescent microscope (see Quantifying Cell Injury). It was previously shown that uptake of PI by slices is complete within 30 min. 19 After completing the imaging, the slices were transferred back to the pressure chamber and the appropriate gas mixture reestablished. This procedure was repeated at 48 and 72 h after trauma. Note that, for all gas mixtures and for all pressures, the partial pressures of oxygen and carbon dioxide were fixed at 0.2 and 0.05 atm, respectively.
Quantifying Cell Injury
PI is a membrane-impermeable dye that only enters cells with damaged cell membranes. 41 Inside the cells, it binds principally to dNA and becomes highly fluorescent, with a peak emission spectrum in the red region of the visible spectrum. An epi-illumination microscope (Nikon Eclipse 80; Kingston upon Thames, Surrey, United Kingdom) with a low-power (×2) objective was used to visualize the PI fluorescence. A digital video camera and software (Micropublisher 3.3 RTV camera and QCapture Pro software; Qimaging Inc., Surrey, British Columbia, Canada) were used to capture the images. The images were analyzed using ImageJ software.║ Red, green, and blue channels were recorded, but only the red channel was used and the distribution of intensities was plotted as a histogram with 256 intensity levels. Slices under standard control conditions (incubated in the chamber for 72 h at 37°C with 95% air and 5% CO 2 ) showed a welldefined peak in the intensity distribution which fell rapidly to zero. In contrast, after trauma, the peak in the intensity distribution was lower, broader, and shifted to higher intensity levels. As a measure of trauma, we integrated the number of pixels above a threshold of 50, which under our experimental conditions provided a robust quantitative measurement of PI fluorescence, and hence of cell injury. 34 Because the light output from the mercury lamp changed over time, the exposure time was adjusted to take this into account. This was done by recording fluorescence from a glass slide standard (Fluor-Ref; Omega Optical, Brattleboro, VT) and adjusting the exposure time accordingly.
Electrophysiology
Human embryonic kidney, cells (tsA201) were plated on glass coverslips and transfected with complementary dNA for rat NMdA receptor GluN1-1a and GluN2A receptors or human TREK-1 channels and green fluorescent protein for identification, as described previously. 38, 42 Whole-cell recordings were made using an Axoclamp 200B amplifier (Axon Instruments, Foster City, CA). Pipettes (3-5 MΩ) were fabricated from borosilicate glass. For NMdA receptor experiments, internal solution contained 110 mM of K-gluconate, 2.5 mM of NaCl, 10 mM of HEPES, 10 mM of 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid, titrated to pH 7.3 using KOH, and the extracellular solution contained: 150 mM of NaCl, 2.5 mM of KCl, 2 mM of CaCl 2 , 10 mM of HEPES, titrated to pH 7.35 using NaOH. Cells were voltage clamped at −60 mV. For TREK-1 experiments, the intracellular solution contained 120 mM of KCH 3 SO 4 , 4 mM of NaCl, 1 mM of MgCl 2 , 1 mM of CaCl 2 , 10 mM of EGTA, 10 mM of HEPES, 3 mM of MgATP, and 0.3 mM of NaGTP, titrated to pH 7.3 with KOH, and the extracellular solution contained 145 mM of NaCl, 2.5 mM of KCl, 1 mM of CaCl 2 , 2 mM of MgCl 2 , 10 mM of HEPES, 10 mM of d-Glucose, titrated to pH 7.4 with NaOH. Cells were voltage clamped at −80 mV and voltage ramps from −120 to 0 mV and from 0 to −80 mV were performed over 250 ms. Currents were filtered at 100 Hz (−3 dB) using an eight-pole Bessel filter (model 900; Frequency devices Inc., Ottawa, IL), digitized at 20 kHz (digidata 1332A; Axon Instruments) and stored on a computer. Solutions containing the inert gases were prepared by bubbling gases through sintered glass bubblers in dreschel bottles containing extracellular saline, as described previously.
37,43
Statistical Analysis
We assessed significance using two-way ANOVA, with Bonferroni post hoc test. Factor 1 was inert gas or treatment (He, Xe, Kr, glycine, and others) and factor 2 was the time after injury (e.g., 24, 48, and 72 h). Our experimental design involved measuring the injury development over time in the same set of slices, for a given experimental condition (e.g., inert gas); in most cases, these times were at 24, 48, and 72 h after injury. We, therefore, used repeatedmeasures ANOVA with factor 1 as the repeated factor. We used two-tailed hypothesis testing with P values of less than 0.05 taken to indicate a significant difference among groups. The samples sizes (N) are indicated in the figures. For the main inert gas neuroprotection experiments, we aimed to have samples sizes of at least 30-40 slices in each group. In every experiment, the slices were imaged at 1 h before the experiment to assess slice viability before injury; a small number of slices showed regions of dense PI staining before injury indicating compromised viability presumably due to mechanical damage in the cell-culturing process. These slices were excluded from further analysis. This resulted in some groups having fewer slices than others. In the injury-development experiments ( fig. 1 ), we wished to minimize the number of times that the slices were removed from the chamber for imaging at early time points. We, therefore, decided to limit the number of imaging sessions to four for each slice set. We used the protocol that had one imaging session at an early time point (0.5 h or 1 h or 3 h or 6 h or 12 h) followed by three further imaging sessions at 24, 48, and 72 h. We aimed to have 8-10 slices in each of the early time-point groups. This design resulted in a greater number of slices in the 24-, 48-, and 72-h groups (approximately 40 slices). Where error bars shown these are the SEM. Statistical tests were implemented using the SigmaPlot (Systat Inc., Point Richmond, CA) or Origin (OriginLab Inc., Northampton, MA) software packages. The lines shown in figure 2 were drawn by eye and have no theoretical significance. Electrophysiological data traces for TREK-1 channels in figure 5 each contain 3,000 data points (equally spaced, sampled at 20 kHz), the lines shown are through these individual points.
Results
Traumatic Injury and Development of Secondary Injury
We first investigated the development of control injury in our model ( fig. 1 ). To determine the optimum traumatic injury, we performed a series of experiments with impact energies from 1.4 to 3.5 µJ ( fig. 1C ). We aimed to determine an impact energy that would produce a focal primary lesion and that exhibited a developing secondary injury. We found that an impact energy of 3.5 µJ, corresponding to a stylus drop CRITICAL CARE MEDICINE of 5 mm, produced a consistent and reproducible focal traumatic injury that developed significantly (P < 0.001) over 72 h, compared with uninjured slices, and we chose 3.5 µJ as our standard injury. To determine the role of the NMdA receptor in our injury model, we performed experiments with the NMdA receptor open-channel blocker MK801. We found that 100 µM MK801 reduced injury to 37 ± 12%, 42 ± 4%, and 84 ± 7% of control at 24, 48, and 72 h after injury, respectively (N = 7; data not shown). The large reduction in injury at 24 and 48 h is consistent with a role of NMdA receptor in injury development, whereas the attenuation of the reduction at 72 h most likely reflects the intrinsic toxicity that has been reported for MK801 and other open-channel blockers such as ketamine. We wished to determine how the injury developed early after trauma with the aim of distinguishing the primary lesion and secondary injury development over time. The development of the injury was determined at time intervals from 30 min to 72 h after trauma. Figure 1A shows images of slices 1 h before injury and 30 min, 24 h, 48 h, and 72 h after traumatic injury. In these experiments, we limited the number of imaging sessions for a given slice set to four (to avoid having slices out of the stable temperature and humidity of the chamber for extended periods). Figure 1B shows the development of the injury from 30 min to 72 h after trauma. The earliest time point that we could observe injury compared with sham slices was 30 min after impact. At this point, injury was 8 ± 2% of total injury at 72 h, whereas sham slices not subjected to injury had a barely measurable PI fluorescence. We took this 30-min point as a measure of the "primary injury" in our model. Secondary injury began to develop early in this model. By 1 h after trauma, the injury had developed to 32 ± 4% of total and by 6 h the injury development was 51 ± 8% of the total injury, increasing at 12 h to 67 ± 10% of the total injury present at 72 h.
Because the neuroprotection experiments would use 0.5 atm of noble gases, we determined whether pressure per se would affect the injury. The effect of 0.5 atm helium on both sham-treated and trauma-injured slices was investigated ( fig. 1d) . Helium was chosen because it is unlikely to exert any pharmacologic effect of its own at these low pressures and any effect observed can be attributed to the effect of pressure alone. Figure 1d shows that 0.5 atm helium had no significant effect (P > 0.3) on either the sham-or traumainjured slices at any time point. Nevertheless, in the experiments with xenon and the other noble gases, we used 0.5 atm helium as a control for any effect of the added pressure. Figure 2A shows the effect of 50% atm of xenon, argon, neon, and krypton on injury development at 24, 48, and 72 h after trauma. Xenon and argon showed a significant neuroprotection (P < 0.01) at each time point, but krypton, neon, and helium were without effect. Xenon potently protected against trauma, with injury in xenon-treated slices being reduced by 57 ± 3% (P < 0.001) compared with the untreated injured slices 24 h after injury. A similar degree of protection (56 ± 3%; P < 0.001) was seen 48 h after injury, whereas at 72 h after injury, the degree of protection by xenon was 43 ± 3% (P < 0.001). Argon was less effective than 
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xenon, but exhibited a similar trend, with injury in argontreated slices being reduced by 38 ± 7% (P < 0.01) compared with untreated injured slices at 24 h after injury, 43 ± 7% (P < 0.001) at 48 h after injury and by 30 ± 7% (P < 0.001) at 72 h after injury. We further investigated the relative efficacy of xenon and argon by determining the concentrationresponse of these two inert gases ( fig. 2B) . Xenon was more effective than argon at all concentrations. At a concentration of 30% atm, xenon provided protection of 40 ± 8%, whereas argon was without protective effect (6 ± 7%) at the same concentration. At 50% atm, xenon provided 43 ± 3% protection, whereas argon provided 30 ± 7% protection, and at 70% atm, xenon provided protection of 52 ± 13%, whereas argon protected by 40 ± 10%.
Xenon and Argon Reduce Secondary Injury Development
To understand the mechanism of action of xenon and argon, we determined the effect of these gases on secondary injury development ( fig. 3 ), calculated by subtracting the primary injury measured at 30 min after trauma. Xenon was particularly effective at preventing development of the secondary injury. At 24 h after injury, xenon-treated slices were almost identical to uninjured sham slices, with injury of 14 ± 2% and 15 ± 1% of the total injury at 72 h in xenon-treated and sham slices, respectively ( fig. 3A) . The same was true at 48 h with xenon-treated slices 23 ± 2% of total injury compared with uninjured sham slices 24 ± 2% of total injury. At 72 h after trauma, xenon-treated slices exhibited greater injury (43 ± 4%) compared with uninjured sham slices (30 ± 3%), but this difference was not significant (P > 0.8). Compared with untreated injured slices, xenon reduced secondary injury by 50 ± 3% at 72 h, and this was highly significant (P < 0.001). Argon attenuated secondary injury, but was less effective than xenon ( fig. 3B ), reducing secondary injury significantly by 48 ± 9% (P < 0.01) at 24 h, 51 ± 7% (P < 0.001) at 48 h, and by 34 ± 8% (P < 0.001) at 72 h after injury.
Mechanism of Neuroprotection by Xenon and Argon
To test the hypothesis that xenon neuroprotection is mediated by competitive inhibition at the NMdA receptor glycine site, we performed experiments where we investigated whether increased glycine concentration could reverse xenon's neuroprotective action. We chose to use glycine rather than serine in these experiments because we had previously established from electrophysiological experiments that glycine attenuated the effects of xenon at the NMdA receptor, and we had established accurate glycine concentration-response relationships for the GluN1/GluN2A and GluN1/GluN2B subunit combinations that predominate in the hippocampus. 37, 38 We first established whether adding glycine had an effect on injury in our in vitro model. Figure 4A shows the effect of adding 100 μM glycine on trauma-injured or shamtreated slices. We chose a concentration of 100 μM glycine because this is a saturating concentration for the GluN1/ GluN2A and GluN1/GluN2B subunit combinations. 37, 38 We found there was no significant difference in the injured slices at 24, 48, or 72 h (P > 0.6) after injury in the presence of 100 μM glycine. Similarly, sham-control slices in the absence and presence of glycine were not significantly different at 24, 48, or 72 h (P > 0.6). To rule out a possible role of strychnine-sensitive inhibitory glycine receptors in our injury model, we tested the effect of adding 100 nM strychnine, a concentration that has been shown to abolish inhibitory glycine receptor responses at glycine concentrations up to 300 µM. 44 Strychnine had no significant effect on injured (P > 0.6) or sham slices (P > 0.6) at any time point (fig. 4A ). Having established that adding glycine did not 
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affect the magnitude of the traumatic injury or its development over time, we investigated the effect of glycine on the neuroprotective effect of xenon. Figure 4B shows that in the absence of added glycine, 50% atm xenon had a significant neuroprotective effect, reducing injury to 43 ± 3%, 44 ± 3%, and 57 ± 3%, of nontreated injured slices at 24, 48, and 72 h after injury (P < 0.001). The addition of 100 μM glycine abolished xenon's neuroprotective effect. At all time points, in the presence of glycine, the xenon-treated injured slices were not significantly different to the untreated injury controls ( fig. 4B) , being 82 ± 9% (P > 0.2), 103 ± 11% (P > 0.8), and 113 ± 14% (P > 0.3) of the control at 24, 48, and 72 h after injury. A powerful feature of our model is that at each time point, glycine reversed the effect of xenon to the level of the untreated slices at the same time point. Taken together with the lack of effect of glycine on the control injury, this means that the effect of glycine cannot be explained by an exacerbation of the injury. The reversal of xenon's protective effect is consistent with xenon neuroprotection against traumatic injury being mediated by xenon inhibition at the NMdA receptor glycine site.
Because argon had a similar, although lesser, neuroprotective effect to xenon, we investigated the effect of glycine on argon neuroprotection, to determine whether argon and xenon act via a similar mechanism. Interestingly, as shown in figure 4C , we found that glycine did not reverse the neuroprotective effect of argon, in contrast with its effect on xenon neuroprotection. In the presence of 100 μM glycine, 50% atm argon treatment resulted in significant neuroprotection (P < 0.05) at all time points. There was no difference in argon-treated slices in the absence or presence of glycine at 24, 48, and 72 h. This is not consistent with argon's protective effect being mediated via the NMdA receptor glycine site and indicates that argon has a different mode of action to xenon.
Electrophysiology
To further investigate the mechanism of argon neuroprotection, we determined whether argon, and the other inert gases, had an effect on NMdA receptors and TREK-1 channels expressed in HEK-293 cells ( fig. 5 ). Figure 5A shows electrophysiological recordings from GluN1/GluN2A NMdA receptors in the absence and presence of argon. Argon (80%) had no effect on NMdA receptor-mediated currents, at either high (100 µM) or low (1 µM) glycine concentrations, in contrast to xenon, which inhibits NMdA receptors, as we have previously shown. 34, 36, 38, 43 Krypton, neon, and helium were also without effect on NMdA receptors as shown in figure 5B . Having ruled out NMdA receptor inhibition as a mechanism of argon neuroprotection, we determined whether argon and the other inert gases activated TREK-1 potassium channels. Untransfected cells passed only a few picoamperes or less when clamped at −50 mV (N = 3 data not shown). In contrast, cells expressing TREK-1 channels exhibited a characteristic large outwardly rectifying current that reversed at −80 mV. We used halothane as a positive control to activate TREK-1 currents; 0.82 mM halothane potentiated TREK-1 currents by 152 ± 20% (N = 10; data not shown). Figure 5C shows recordings from HEK cells expressing TREK-1 channels in the presence and absence of argon. Argon (80%) had no effect on TREK-1 currents. We found that krypton, neon, and helium were also without effect on TREK-1 ( fig. 5, d-F and H) . In contrast to the other inert gases, xenon (80%) activated TREK-1 currents markedly ( fig. 5G ), potentiating the current measured at −50 mV by 39 ± 5%, as shown in figure 5H .
Discussion
We investigated the neuroprotective mechanisms of the noble gases such as helium, krypton, neon, argon, and xenon in an in vitro model of TBI. Cultured hippocampal mouse brain slices were subjected to a reproducible mechanical trauma, and injury was quantified by PI fluorescence. Organotypic cultures retain a heterogeneous population of cell types whose synaptic connectivity mirrors that seen in vivo, [45] [46] [47] [48] [49] and are intermediate between dissociated cell cultures and whole-animal models. The reproducibility of the primary focal trauma, and the progressively developing secondary injury ( fig. 1) , provides a useful model in which to investigate the efficacy and mechanism of putative treatments. 19, 40, 50, 51 This in vitro model allows us to control the slice environment, particularly the concentration of glycine. Although the PI fluorescence measure of injury in this model does not distinguish between cell types (e.g., neuronal and nonneuronal cells), it has the advantage of providing a robust quantification of traumatic injury, allowing continuous monitoring of the same slices over time.
Within 30 min of mechanical injury, PI fluorescence was evident, allowing clear distinction from uninjured slices ( fig. 1) . Secondary injury developed rapidly in the hours after trauma. One hour after injury, the lesion had developed to 32 ± 4% and by 6 h to 51 ± 8% of its extent at 72 h after injury. This secondary injury, developing rapidly in the hours and more slowly in the days after trauma, mirrors what is seen in vivo 52 and in clinical traumatic injury progression. 53, 54 We measured cell death and neuroprotection in the hippocampal slice as a whole, avoiding subjective difficulties associated with precisely defining the boundaries of CA1, CA3, and dentate gyrus in each slice. Although some areas, such as CA1, appear to be more sensitive to traumatic injury ( fig. 1A) , qualitatively xenon and argon protected equally in different areas (data not shown), in line with studies regarding ischemic injury showing little regional differences in neuroprotection.
34,55-57
Effect of Noble Gases on Traumatic Injury
An aim of our study was to evaluate the neuroprotective potential of the series of noble gases against traumatic injury under identical conditions. We found that only xenon and argon exhibited neuroprotection ( fig. 2) . The lack of effect of 50% atm helium ( fig. 1d ) on traumatic injury in this model is similar to what we found using the same organotypic preparation in a model of ischemic injury. 34 Neon and krypton were also devoid of a protective effect. Xenon was particularly effective, with 50% atm xenon reducing total injury by 57% at 24 h after injury and by 43% at 72 h after injury. The degree of protection against total injury that we observed with 50% xenon was similar to that found by Coburn et al. 19 who used 75% xenon. Argon was less effective than xenon, with 50% atm argon reducing total injury by 38% at 24 h after injury and by 30% at 72 h after injury. This contrasts with the findings by Loetscher et al. 28 who reported approximately 80% reduction in injury by 50% argon in an in vitro trauma model, but the reason for the difference is not clear.
Xenon strongly inhibited the development of secondary injury ( fig. 3A) , with 50% atm xenon preventing secondary injury development at 24 and 48 h after trauma. Our finding that xenon completely arrests secondary injury at 24 and 48 h after trauma is novel and is particularly relevant to xenon's potential clinical use because clinical lesions may develop significantly in the first 24 h after injury. 53, 54 The reason why xenon appears slightly less effective at 72 h is unclear, but it may reflect the fact that additional injury is occurring (e.g., due to exhaustion of nutrients in the culture CRITICAL CARE MEDICINE Fig. 5 . Inert gases such as argon, krypton, neon, and helium have no effect on N-methyl-D-aspatate (NmDA) receptors and TREK-1 channels. (A) Argon (80%) has no effect on NmDA-activated currents at high glycine (100 µm) and low glycine (1 µm) concentrations. Traces show typical currents activated by 100 µm NmDA in HEK cells expressing NmDA receptors containing the GluN1/GluN2A subunit combination. (B) NmDA receptor currents were unaffected by 80% argon (cyan bars), 80% krypton (brown bars), 80% neon (green bars), or 80% helium (black bars). The error bars are standard errors (100 µm glycine: argon N = 10, krypton N = 9, neon N = 5, helium N = 9; 1 µm glycine: argon N = 12, krypton N = 9, neon N = 6, helium N = 6). (C-F) Inert gases argon (80%), krypton (80%), neon (80%), and helium (80%) have no effect on TREK-1 potassium channel currents. media) against which xenon is less effective. Argon attenuated the development of secondary injury at all time points, but was less effective than xenon ( fig. 3B ). Secondary injury in argon-treated slices was reduced but not prevented, with a maximum reduction of 51 ± 7% at 48 h after injury.
The degree of protection against secondary injury that we observed with xenon and, to a lesser extent, argon is notable, given that in our protocol the noble gas is present only after the insult, unlike some models where the neuroprotectant is also present before, during, and after the insult. Our protocol ensures that the insult itself remains a constant, and that any neuroprotection cannot be explained simply by an attenuation of the primary insult. This more closely models the clinical scenario when a patient presents for treatment after the traumatic injury. The fact that under identical conditions, helium, neon, and krypton were found to have no effect indicates that these gases are without neuroprotective effect in this model. The lack of effect of helium, neon, and krypton on NMdA receptors and TREK-1 channels ( fig. 5 ) is consistent with their lack of neuroprotective effect.
Reversal of Xenon Neuroprotection by Glycine
Our strategy to determine whether xenon neuroprotection was mediated by inhibition of the NMdA receptor at its glycine-binding site was based on our observation that xenon competes with glycine, and that xenon inhibition of the NMdA receptor is reduced at high glycine concentrations. 37 We investigated whether the degree of neuroprotection in our in vitro model could be modulated by altering the glycine concentration. We have previously validated this approach in a model of ischemic injury. 34 We showed that adding a saturating concentration of glycine had no effect on the control injury or on sham-treated slices ( fig. 4A ), but that adding glycine abolished xenon neuroprotection completely at all time points (fig. 4B ). These results are consistent with xenon neuroprotection against traumatic injury being mediated by inhibition of the NMdA receptor at its glycine site. This finding is important because it clearly identifies the NMdA receptor as a target mediating xenon neuroprotection against traumatic injury. Estimates of normal brain extracellular glycine concentrations, from microdialysis experiments, are approximately 5 µM, 58, 59 at which concentration xenon will inhibit NMdA receptors. Glutamate excitotoxicity is involved in neuropathologies such as ischemia and TBI. 11, 13 Hence, xenon's inhibition of NMdA receptors is plausible as a mechanism of neuroprotection. However, it has become clear that there are other potential targets for xenon neuroprotection that are as plausible as the NMdA receptor. For example, the two-pore domain potassium channel TREK-1 is activated by xenon ( fig. 5 and see study by Gruss 42 ). That TREK-1 activation may have a role in ischemic injury is suggested by the finding that genetic ablation of TREK-1 increases sensitivity to ischemia and epilepsy in in vivo models. 60 Whether activation of these TREK-1 channels play a role in xenon neuroprotection against TBI remains to be determined. However, our current findings indicate that xenon neuroprotection in our model of traumatic injury can largely be accounted for by xenon inhibition of the NMdA receptor at its glycine-binding site.
Mechanism of Argon Neuroprotection against TBI
despite growing evidence that argon is neuroprotective, [27] [28] [29] 31, 35 there have been few studies that have investigated mechanisms for argon's biological actions. Our finding that argon neuroprotection is not reversed by glycine indicates that argon's neuroprotective effect is not mediated by the NMdA receptor glycine site. This is supported by our electrophysiological results showing that argon has no effect on NMdA receptors at high or low glycine concentrations ( fig. 5, A and  B) . The lack of effect of argon on TREK-1 currents (fig. 5, C and H) indicates that this potassium channel is not involved in argon neuroprotection. The molecular mechanism(s) by which argon exerts its neuroprotective effects merits further investigation. A recent study by Fahlenkamp et al. 61 found that argon transiently increased levels of phosphorylated extracellular signaling kinase 1/2 in vitro, but whether this is involved in argon neuroprotection remains to be determined.
Relevance to Use of Inert Gases as Neuroprotectants
We have shown that both xenon and argon protect against TBI in an in vitro model, and we demonstrate that xenon's neuroprotective effect is largely mediated by inhibition at the NMdA receptor glycine site. Our findings indicate that both these inert gases merit further investigation as neuroprotectants in in vivo models of trauma. In the case of xenon, the identification of the mechanism(s) is particularly relevant to clinical studies. We have shown that xenon acts at two targets likely to play a role in neuroprotection, namely NMdA receptors and TREK-1 channels. 7, 26 It may be that the reason xenon is particularly effective as a neuroprotectant is its action at both these targets. Such a pleiotropic mechanism has been suggested to underlie neuroprotection by other anesthetic agents. 6, 62, 63 In addition, drugs that act at the glycine site of the NMdA receptor (e.g., gavestinel) are well tolerated in patients and devoid of psychotomimetic side effects. 64 Xenon is particularly attractive as a neuroprotectant because it rapidly crosses the blood-brain barrier, exhibits cardiovascular stability, and cannot be metabolized. [65] [66] [67] If xenon is shown to be neuroprotective in vivo, it could provide a realistic firstline treatment for brain trauma patients.
